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Ag nanowire-grid polarizers (NWGPs) were prepared by a one-step fabrication method, called liquid-bridge-
mediated nanotransfer molding (LB-nTM). LB-nTM is a new direct nano-patterning method based on the direct
transfer of various materials from a mold to a substrate via liquid layer. We fabricated NWGPs with Ag nanowire
arrays (81 nm parallel lines and 119 nm spaces) on 2.5 in. transparent substrates by LB-nTM using an Ag
nanoparticle solution. The maximum and minimum transmittances of the Ag NWGP at 800 nm were 80% and 10%,
respectively.
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Polarizer is an indispensable device in a wide range of
optical systems, including flat panel displays, microdis-
plays, and optical networking. Nanowire-grid polarizers
(NWGPs) have been of great interest because of their
excellent polarization performance and planar structure
that allows them to be integrated to other thin-film
optoelectronic devices. Moreover, they show good op-
tical stability with respect to variation of the polar angle
and azimuthal rotation, and excellent durability at high
temperatures and under exposure to high UV flux [1].
The NWGP generally consists of fine grid of parallel
metal nanowires with space and width less than the
wavelength of light. For the light polarized parallel to
the nanowire, it reflects, whereas for the light polarized
perpendicular to the nanowire, it transmits. This type of
polarizer shows very high extinction ratio between the
reflected transverse electric-polarized light and the
transmitted magnetic-polarized light over a wide wave-
length range and incident angle.
There are several fabrication methods for generating the
NWGPs, which include photolithography [2], e-beam lith-
ography [3-6], laser interference lithography [7,8], and* Correspondence: smm@hanyang.ac.kr
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in any medium, provided the original work is pnanoimprint lithography [9-17]. Among these techniques,
nanoimprint lithography is a cost-effective and high-
throughput method for the fabrication of metal nanowire
grids over a large area, but it suffers from problems. For
instance, it involves additional etching or sidewall depos-
ition processes, and continuous fabrication can be difficult
because vacuum conditions are required for metal depos-
ition. Recently, we have developed a new direct printing
method for generating nanometer-scale patterns of vari-
ous materials, called liquid-bridge-mediated nanotransfer
molding (LB-nTM) [18]. LB-nTM is based on the direct
transfer of various materials from a mold to a substrate
through a liquid bridge between them. This new tech-
nique is capable of generating well-defined large-area
nanowire patterns through one step and is well suited for
use in automated direct printing machines. LB-nTM is the
most efficient method for the fabrication of the wire-grid
polarizers at low cost and low environmental impact.
Here, we report the one-step fabrication of the nanowire-
grid polarizer using LB-nTM with an ink solution. Figure 1
illustrates the procedure to produce the Ag NWGP by LB-
nTM using an Ag nanoparticle solution. First, a patterned
mold fabricated by polyurethane acrylate (PUA) is filled
with an Ag nanoparticle solution using selective inking [19].
The filled ink is next solidified by drying at mild tempera-
tures (<100 °C). Almost no particles remain on theOpen Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly cited.
Figure 1 Schematic outline. Schematic outline of the procedure to
fabricate an Ag nanowire-grid polarizer by LB-nTM.
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inking. The mold with solidified ink is then brought into
contact with a substrate surface covered by a thin polar li-
quid layer. Due to the solidification of the ink solution, LB-
nTM does not suffer from surface diffusion and can gener-
ate nanometer-scale metal lines well below 100 nm. The
polar liquid layer on the substrate forms a liquid bridge (a
capillary bridge) [20-23] between the substrate and the
mold that contains recessed patterns. The liquid bridge
allows good conformal contact between the solidified ink
and the substrate. As the liquid evaporates, the attractive
capillary force gradually increases, pulling the two surfacesinto contact, and providing good conformal contact be-
tween them with no additional pressure to the mold. After
drying, the separation of the mold from the substrate then
results in the formation of the well-defined Ag nanowire
grids onto the substrate.
Methods
Materials
Unless otherwise noted, all commercial materials were
obtained from Aldrich Chemical Co. (St. Louis, MO,
USA) and used without further purification. The Ag
nanoparticle ink (DGP 40LT-15 C) was purchased from
Advanced Nano Products (Chungcheongbuk-do, South
Korea). The ink contained 20 wt.% silver nanoparticles,
with a particle diameter of 40 to 50 nm, dispersed in
methanol solvent. PUA (MINS-ERM, Minuta Tech. Co.
LTD, Gyeonggi-do, Korea) was used to prepare the UV-
curable hard molds. Polydimethylsiloxane (PDMS, Syl-
gard 184) was ordered from Dow Corning (Dow Corn-
ing, Midland, Michigan, USA). Deionized water was
purified with a Millipore Milli Q plus system (Billerica,
MA, USA), distilled over KMnO4, and then passed
through a Millipore Simplicity system.
Preparation of substrates
The flexible substrates employed in this study were cut
from polyethylene terephthalate (PET) films (i-compo-
nents Inc., Seongnam, South Korea). The PET substrates
were cleaned with methanol and deionized water, and fi-
nally blow-dried with nitrogen to remove the contami-
nants. The Si substrates used in this research were cut
from n-type (100) wafers with resistivity in the range of
1 to 5 Ωcm. The Si substrates were initially treated by a
chemical cleaning process, which involves degreasing,
HNO3 boiling, NH4OH boiling (alkali treatment), HCl
boiling (acid treatment), rinsing in deionized water, and
blow-drying with nitrogen, proposed by Ishizaka and
Shiraki, to remove contaminants [24]. A thin oxide layer
was grown by placing the Si substrate in a piranha solu-
tion (4:1 mixture of H2SO4:H2O2) for 10 to 15 min. The
substrate was rinsed several times in deionized water
(resistivity = 18 MΩcm) then dried with a stream of
nitrogen.
Sample characterization
The samples were characterized by using a scanning
electron microscopy (SEM, Hitachi S4800, Hitachi, Ltd.,
Chiyoda, Tokyo, Japan) at 15 kV and a UV–vis spec-
trometer (Agilent 8453 UV–vis, Agilent Technologies
Inc., Santa Clara, CA, USA).
Results and discussion
For fabrication of NWGPs, Ag nanowire patterns were
made on a variety of substrates such as oxidized Si(100),
Park et al. Nanoscale Research Letters 2012, 7:351 Page 3 of 5
http://www.nanoscalereslett.com/content/7/1/351glass, quartz, and PET film by LB-nTM. The masters we
used for fabrication of molds were silicon wafers with
dense nanoscale patterns (81 nm parallel lines, 119 nm
spaces, and 200 nm height), which were made by laser
interference lithography and subsequent dry etchings, as
described previously [25]. The molds were fabricated by
casting PUA on them. After UV curing for 30 s, the
PUA molds were peeled away from the masters. To pat-
tern an array of Ag nanowires, the recessed spaces of
the patterned PUA molds were filled with an Ag solution
contained 20 wt.% Ag nanoparticles, with particle diam-
eter of 40 to 50 nm, dispersed in methanol solvent. The
Ag solution in the mold was solidified at 80 °C for
10 min. The mold was then placed in contact with the
substrates covered by a thin ethanol layer. The substrate
(1 x 1 cm2 area) can be uniformly covered with a 100-
μm-thick ethanol layer by using 10 μl of ethanol. After
the ethanol layer between the mold and the substrate
dried at 70 °C for 10 min, the mold was peeled away,
leaving the Ag nanowires on the substrates. Figure 2 dis-
plays SEM images of the Ag nanowire patterns made by
LB-nTM. The patterns have 81 nm parallel lines,Figure 2 SEM images. SEM images of Ag nanowire patterns fabricated by119 nm spaces, and 140 nm heights. Compared to the
dimensions of the master, the Ag patterns are only
reduced in the z-direction (height) since the Ag solution
locked inside the recessed spaces is solidified. The Ag
patterns exhibit strong adhesion to the substrates and
thus, easily passed Scotch tape adhesion tests. The pat-
terned Ag nanowires were thermally endurable up to
500 °C but slightly shrank (about 5%) in volume.
We fabricated NWGPs on transparent substrates using
LB-nTM. The Ag nanowire arrays with 81 nm parallel
lines and 119 nm spaces were made on 2.5 in. PET sub-
strates by LB-nTM using an Ag-nanoparticle solution.
The transmittance curves of the Ag NWGP were mea-
sured from 400 to 1,000 nm using a UV/visible spec-
trometer in polarizing mode. The detected light showed
a maximum and minimum transmittance as the NWGP
was rotated. The maximum transmittance (Tmax) was
observed when the Ag nanowires of the NWGP were
parallel to the polarized light of the UV/visible spec-
trometer, and the minimum transmittance (Tmin) was
observed when the nanowires were perpendicular to the
light. Figure 3a shows the transmittance curves, whichLB-nTM.
Figure 3 Analysis data of Ag NWGP. (a) Transmittance curves of an Ag NWGP on PET substrates. (b) Polarized light of an LCD panel passing
through the Ag NWGP and (c) blocked after rotating the Ag NWGP.
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the Gsolver program. A little difference between the ex-
perimental and the simulated data might be due to the
imperfect line width, shape, and smoothness of the Ag
nanowires made by LB-nTM. The maximum and mini-
mum transmittances of the Ag NWGP at 800 nm were
80% and 10%, respectively. The polarization of light can
be confirmed simply with a liquid crystal display (LCD)
monitor by rotating the NWGP, as shown in Figures 3b
and c. The brightness of the monitor through the Ag
NWGP was changed by rotating it. The Ag NWGP fabri-
cated on a quartz substrate was stable up to temperatures
of about 500 °C with only 1% reduced in transmittance.Conclusions
In summary, we described a one-step fabrication of an
Ag NWGP using LB-nTM. Ag nanowire arrays, pro-
duced by LB-nTM using an Ag-particle solution, exhib-
ited fine fidelity with a high aspect ratio (approximately
1.73). The Ag NWGPs were fabricated on 2.5 in. PET
substrates and showed a high transmission and a con-
trast ratio for the range of visible light. This method is
an ideal fabrication technique for automated direct
printing machines that produce large area NWGPs on
diverse substrates with no additional steps.
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